INTRODUCTION
Gene therapy is a promising approach for the treatment of heart failure. Unlike conventional pharmacologic therapy, gene therapy has the potential to correct underlying defects and mediate longlasting improvements in cardiomyocyte function. 1 A recombinant vector containing a viral genome flanked by two inverted terminal repeats of adeno-associated virus serotype 2 (AAV2) that is encapsulated in an AAV serotype 1 (AAV1) capsid transduces human cardiomyocytes with high efficiency 2 and has become the vector of choice in multiple cardiac gene therapy studies, including the CUPID (Calcium Upregulation by Percutaneous Administration of Gene Therapy in Cardiac Disease) trials. [3] [4] [5] [6] Despite its many favorable features as a gene transfer vector for cardiac therapies, a notable drawback to the use of AAV1 is the presence of neutralizing antibodies (NAbs) formed during prior natural exposure. Data from clinical studies suggest that AAV1 NAbs have the ability to prevent efficient gene transduction and reduce or negate the effects of therapy. [3] [4] [5] 7, 8 Although NAbs against AAV1 appear to be common in all populations studied, comparisons among studies are limited by the lack of a standardized definition or assay for the assessment of AAV1 NAbs. 9 In general, however, studies suggest that the seroprevalence of AAV1 NAbs varies by geographic area and increases with age. [10] [11] [12] [13] [14] AAV1 NAbs appear to prevent gene transduction by two mechanisms: inhibition of AAV1 receptor binding and interference with a key post-attachment step. 15 The presence of NAbs against viral vectors has the potential to substantially reduce the eligible population for gene therapies. In addition, it is possible that patients might require more than one application of viral-based gene therapy, and hence strategies to reduce induction of NAbs are needed.
On the basis of results of the phase 1/2 CUPID study suggesting that pre-existing NAbs may limit the effect of therapy by blocking gene transduction, [3] [4] [5] CUPID-2, a phase 2b randomized, placebo-controlled, multinational trial of AAV1/ sarcoplasmic reticulum calcium ATPase (SERCA2a) that enrolled 250 patients 6 was designed so that only patients with AAV1 NAbs at a titer o 1:2 were enrolled. Screening for this study in heart failure patients from around the United States as well as in Western and Central Europe and Israel allowed us the opportunity to collect data on the prevalence and pattern of NAbs in heart failure patients. For this report, we utilized data from a cohort of normal subjects and from heart failure patients to characterize AAV1 NAbs as well as data from the CUPID-2 trial to provide an in-depth evaluation of AAV1 NAb prevalence by geographic region, age, gender and month of testing. We also assessed the effects of aggressive immunosuppression during AAV1 exposure.
RESULTS

Patterns of AAV1 and AAV2 NAb titers
In a pilot study conducted in 2006, serum samples from 30 healthy subjects and 30 subjects with heart failure were evaluated for AAV1 and AAV2 NAbs. Titer results were reported as o1:4 or the specific endpoint titer. For this pilot study, titers X 1:4 were considered positive on the basis of studies conducted in mini-pigs, in which a titer of 1:4 reduced vector transduction by 480% following AAV1/SERCA2a administration by intracoronary infusion (KM Zsebo, unpublished data). A total of 32 of 60 subjects (53.3%) had titers o 1:4 for both AAV1 and AAV2 (20/30 (66.7%) healthy subjects and 12/30 (40.0%) heart failure patients). For the 28 subjects (46.7%) with titers of X 1:4 (Table 1) , titers were higher for AAV2 than for AAV1 in all but 3 subjects (no. 22 (healthy) and nos. 6 and 15 (heart failure)), suggesting a primary exposure to AAV2 during natural infection.
Prevalence of AAV1 NAbs in patients with heart failure During prescreening for the CUPID-2 study between July 2012 and February 2014, sera were collected from 1552 patients with heart failure and screened with a companion diagnostic assay that measures the inhibition of infectivity of serum-treated AAV in permissive HEK-293A cells as determined by expression of a green fluorescent protein (GFP) reporter transgene. Titer results were reported as either qualifying ( o1:2 (negative) or equivocal (approaching the cutoff for a 1:2 titer)) or nonqualifying (1:2, 1:4 and X 1:8, all reported as positive) based on the highest dilution that reduced fluorescence below a designated threshold. The mean+s.d. age of the patients was 60.5 ± 11.5 years and 1241 (80.0%) were male. The overall prevalence of subjects with AAV1 NAb-positive results (titer X 1:2) was 59.5% (923/1552) in this population. The remaining patients were negative (titer o1:2; 544/1552 (35.1%)) or equivocal (85/1552 (5.5%). The majority of patients who were positive for AAV1 NAbs had titers X 1:8 (741/923 (80.3%)). Titers of 1:4 (111/923 (12.0%)) and 1:2 (71/923 (7.7%)) were less common.
The stability and reproducibility of titers were evaluated by comparing prescreening and baseline (day of planned infusion) titers in 242 of 250 enrolled patients. AAV1 NAb titer results for 235 of the 242 remained qualifying at baseline. Of the seven subjects with positive titers at baseline, six had a very low titer of 1:2 and one had a titer of X 1:8. To determine whether these seven results indicated a true change in AAV1 NAb titers from prescreening, the prescreening and baseline samples from these subjects were reassayed, and both titers were analyzed by cutoff value and raw inhibition data. Based on this evaluation, only one subject appeared to have a clear change in AAV1 NAb titer between prescreen (negative) and baseline (X1:8), probably because of intercurrent AAV infection. Changes in titer status in the other six subjects were likely because of slight variations in the assay.
We also reevaluated NAb titers at later time points in 20 subjects with an initial positive titer at prescreening that made them ineligible for the study at that time. Three subjects changed from a nonqualifying titer to a qualifying titer. One such subject had an initial titer of 1:4 that dropped to a qualifying titer of equivocal 1.5 months later, allowing this subject to be enrolled in the trial. Two other subjects had an initial titer of 1:2 that dropped to a qualifying titer of equivocal at 1.5 and 3 months after the prescreening test, respectively; neither subject was enrolled. Titers in the other 17 subjects either did not change or did not drop to qualifying levels. Cellular immune responses were followed by use of an anti-AAV1 enzyme-linked immunosorbent spot (ELISpot) assay. Although a few sporadic, asymptomatic cases were observed, no significant positive cases were detected.
Prevalence of AAV1 NAbs by geographic region
The prevalence of AAV1 NAbs (titers X 1:2) was higher in Europe (377/557 (67.7%)) than in the United States (500/934 (53.5%); P o 0.0001; Figure 1 ). Israel had an AAV1 NAb prevalence of 75.4% (46/61). Within Europe, AAV1 NAb prevalence results ranged from a low of 48% in Sweden to a high of 79% in Poland and Hungary. Central European countries appeared to have a higher prevalence than more northern climes (Figure 1a ), but the number and geographical locations of the countries involved limit our conclusions. Geographic variation was also observed in AAV1 NAb prevalence results in the United States, ranging from a low of 32% in Wisconsin to a high of 67% in South Carolina (Figure 1b ). There was no obvious geographic pattern to the distribution of AAV1 NAbs across the United States.
Prevalence of AAV1 NAbs by demographic characteristics and season The prevalence of AAV1 NAbs (titers X 1:2) did not differ significantly by gender (59% in males and 62% in females (P = 0.36); Figure 2a ). However, positive titers were significantly associated with increasing age (P = 0.001; Figure 2b ).
Samples for this study were collected throughout the year, ranging from a low of 108 samples collected in July to a high of 158 samples collected in December, thus providing an opportunity to investigate whether the prevalence of AAV1 NAbs varied by month or season. An analysis of positive titers by time of year of sample collection showed no significant differences by month (P = 0.63) or season (P = 0.61). By month, the prevalence of AAV1 NAbs ranged from a low of 53.3% for samples collected in September (n = 137) to a high of 66.1% for samples collected in May (n = 118). An additional 32 subjects (20 healthy, 12 with heart failure) had titers of o 1:4 for both AAV1 and AAV2.
Experience with AAV1 neutralizing antibodies B Greenberg et al
Development of NAbs in immunosuppressed mini-pigs
We utilized an animal model (mini-pigs) to examine whether seroconversion could potentially be prevented by continuous aggressive immunosuppression (before, during and after intravenous administration of AAV1/SERCA2a). At baseline, animals had no detectable AAV1 NAbs (titer o1:2). Infusion with AAV1/SERCA2a was well tolerated in non-immunosuppressed and immunosuppressed female Göttingen mini-pigs, but AAV1 NAbs Experience with AAV1 neutralizing antibodies B Greenberg et al were detected at approximately the same levels following AAV1/ SERCA2a dosing regardless of the use of immunosuppressive therapy (Table 2) .
DISCUSSION
The data reported here support the high prevalence of AAV1 NAbs and extend previous observations concerning geographic variations in the prevalence of AAV1 NAbs. [10] [11] [12] Our findings further suggest that AAV1 NAbs may be because of natural exposure to AAV2, as most patients with measurable titers to AAV2 also had measurable titers to AAV1, and AAV2 titers were uniformly higher than AAV1 titers in patients with positive NAb results. These data support previously published reports suggesting that AAV1-positive results are because of crossreactivity with AAV2. 16 We also observed slight variations in AAV1 NAb titer over Abbreviations: AAV1, adeno-associated virus 1; NA, not available; Nab, neutralizing antibody; SERCA2a, sarcoplasmic reticulum calcium ATPase.
Experience with AAV1 neutralizing antibodies B Greenberg et al time in a few subjects, likely explained by elevations and declines in immunoglobulins because of polyclonal immunoglobulin production during a communicable infection and subsequent recovery, or other types of inflammatory episodic events. Overall, ∼ 40% of patients with heart failure had qualifying AAV1 NAb titers that could potentially support gene transduction. It should be noted that our study employed a more stringent cutoff for qualifying titers (1:2) than those used by most other investigators (1:2 to 1:20). 9 The prevalence of AAV1 NAbs was higher in Europe and Israel than in the United States, and there appeared to be a trend toward higher prevalences in central European countries compared with more northern regions. However, more data with additional geographic locations are required to confirm these observations. There was no clear pattern of geographic distribution within the United States. Although the prevalence of AAV1 NAb did not vary significantly by gender or by time of year of sample collection, we did observe increasing NAb prevalence with increasing age. Although the youngest age group in our analysis (18 to 30 years of age) deviated somewhat from the overall statistical trend, this was likely because of random variation, as this group consisted of only 21 subjects. A study of healthy volunteers and patients with inflammatory bowel disease conducted in the Netherlands also found a significant effect of age on AAV1 NAb prevalence, 11 although the subjects in that study were younger (mean of 49 years of age for healthy volunteers and 43 for inflammatory bowel disease patients) than in the study reported here.
The ability of AAV1 NAbs to impede myocardial gene transfer was supported by data from the CUPID 1 trial that utilized a recombinant AAV1 vector to deliver the gene for SERCA2a, a key regulator of calcium uptake that is deficient in patients with heart failure. 17 Entry criteria for the phase 1, open-label portion of the trial included qualifying AAV1 NAb titers of 1:2 or o 1:2. 3 Of the nine patients who received AAV1/SERCA2a, two had AAV1 NAb titers of 1:2 and the remaining seven patients had undetectable titers (o 1:2). Quantitative evidence of biological activity was observed except in the two NAb-positive patients who failed to improve; one received a mechanical assist device at week 6 and the other received a transplant at month 8.
On the basis of the phase 1 data, the phase 2 portion of CUPID 1, a randomized, placebo-controlled, double-blind trial, required eligible patients to have undetectable AAV1 NAb titers (o 1:2) at screening. 4, 5 Of the 509 patients who were prescreened for AAV1 NAb in the phase 2 portion of CUPID, 265 (52.1%) were excluded because of detectable NAb. Three of the 39 patients enrolled in this trial seroconverted to detectable NAb levels between NAb screening (up to 6 months before day of dosing) and day 0, and received a single infusion of AAV1/SERCA2a (MYDICAR, Celladon Corporation, San Diego, CA, USA) or placebo. Eight of the nine high-dose AAV1/SERCA2a patients improved in their disease status relative to placebo; the sole exception was the single NAb-positive patient who had the worst individual efficacy score in that group and was discontinued from the study before month 9 for worsening heart failure and chronic inotropic support before receiving a heart transplant at month 11. 4 The high prevalence of pre-existing AAV1 NAbs poses a potential dilemma for the widespread use of AAV1-based gene therapy, as more than half of gene therapy candidates may be excluded on the basis of NAb titer. In addition, patients who have received AAV-based gene therapy typically develop antibodies to the vectors, 4, 18, 19 thus making these individuals poorly suited for retreatment with the therapeutic agent or treatment with other forms of gene therapy that utilize an AAV vector. Although cellular immunity is another potential barrier to gene transduction with AAV vectors, 12 we did not detect other than sporadic T cellmediated responses during our study.
A number of possible solutions to the problem of NAbs have been proposed, including development of NAb-resistant AAV variants, either through manipulation of capsid genes or through chemical modification of the AAV capsid, immunosuppression to modulate the immune response during transduction, and plasmapharesis to deplete AAV NAbs before introduction of the gene therapy vector. 9 Our data indicate that immunosuppressive therapy is unlikely to provide a viable solution for repeat transduction with AAV1, as the administration of aggressive immunosuppressive therapy before, during and after AAV1/SERCA2a infusion did not prevent the development of NAbs in mini-pigs. Nonetheless, a study in nonhuman primates that used the anti-CD20 monoclonal antibody rituximab in combination with cyclosporine A demonstrated that NAbs against AAV6 could be suppressed in a single animal injected with an AAV8 vector encoding factor IX. 20 Plasmapharesis may be a more promising strategy. In studies with nonhuman primates, plasmapharesis was more successful in improving AAV transduction efficiency in seropositive animals than pharmacological immunosuppression with prednisone alone or with a triple combination of prednisone, tacrolimus and mycophenolate mofetil. 21 A pilot study of the impact of plasmapheresis in 10 subjects found that frequent (up to 5) sessions of plasmapheresis efficiently reduced AAV1 NAb titers in most patients. 22 Similarly, a small retrospective study on stored plasma samples received from six patients who had undergone five sessions of plasmapheresis before kidney transplant demonstrated a 2-to 16-fold reduction in the AAV1 NAb titer of positive samples (KM Zsebo. Data on file: Celladon Corporation, 2014). These results suggest that plasmapheresis may be a viable option for circumventing the presence of low levels of pre-existing AAV1 NAbs in candidates for gene therapy, although clinical trials will be required to verify the efficacy and safety of this strategy.
In conclusion, our data indicate that the prevalence of AAV1 NAbs varies with geographic location and increases with age. Overall, ∼ 60% of heart failure patients have positive AAV1 NAb titers and are therefore not suitable candidates for AAV-based therapy. Immunosuppression is unlikely to be a viable solution for repeat AAV1 dosing and therefore other options for reducing or circumventing the presence of AAV1 NAbs, including plasmapharesis, should be explored.
MATERIALS AND METHODS
Serum samples
Serum samples were collected from healthy adult (18 to 80 years of age) subjects (n = 30) or adult patients with chronic systolic heart failure (n = 30) in a pilot study in 2006, and between July 2012 and February 2014 as part of screening for the CUPID-2 trial (NCT01643330) (n = 1552). 6 The study protocol for this trial was approved by the institutional biosafety committees and review boards at each site, and patients signed written informed consent and release of medical information forms before screening. Samples were frozen, shipped to a central laboratory on dry ice (LabCorp Clinical Trials, Los Angeles, CA, USA) and stored at − 80 ± 20°C until analysis.
Cell culture
The immortalized human embryonic kidney cell line QBI-HEK-293A (Qbiogene, Carlsbad, CA, USA) was maintained in Dulbecco's modification of Eagle's medium supplemented with 10% fetal bovine serum, 25 mM HEPES and 1 × penicillin G sodium, streptomycin sulfate and L-glutamine. Cells were cultured at 37 ± 2°C with 5 ± 0.5% CO 2 .
Assays for AAV1 Nabs and cellular immune responses The assay for AAV1 NAbs used in this study is a diagnostic companion assay for MYDICAR that contains proprietary modifications to the general method described by Moskalenko et al. 23 Briefly, dilutions of each subject's serum were incubated with an AAV recombinant particle carrying the GFP reporter transgene (AAV/GFP; Virovek, Hayward, CA, USA). This mixture was then tested for vector activity/infectivity in vitro using a HEK-293A-permissive cell line. GFP-expressing cells were evaluated using SpectraMax Gemini XPS Fluorescent Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). All assays were performed at one laboratory (LabCorp Clinical Trials, Los Angeles, CA, USA). Each assay included a background control (cell culture media only), vector control (AAV1/GFP in cell culture media, negative control (pooled negative human serum) and positive control (intravenous immunoglobulin in pooled negative human serum); test acceptance criteria ensured the validity of each run. The analytical procedure was validated. The intraassay coefficient of variability was 17% and the interassay coefficient of variability was 25%.
The NAb titer was calculated based on the highest dilution at which mean GFP fluorescence intensity was reduced by a defined level. All titers X 1:2 were considered positive for AAV1 NAbs and titers o 1:2 were considered negative. Equivocal samples were defined as those with a mean background adjusted fluorescence value at a 1:2 dilution that was at a predefined value near the cutoff for reporting the result as negative (o 1:2 titer) or positive (X 1:2 titer). Cellular immune responses were followed by use of interferon-γ (ELISpot, Cellular Technology Limited, Shaker Heights, OH, USA).
Immunosuppression in mini-pigs A single intravenous infusion of AAV1/SERCA2a (dose of 5 × 10 12 DNase-resistant particles AAV1/SERCA2a;~4-5 × 10
11 DNaseresistant particles per kg) was administered to normal female Göttingen mini-pigs (Marshall BioResources, North Rose, NY, USA) with (n = 12) and without (n = 12) immunosuppressive therapy. The animals were allocated to groups using simple randomization. A sample size of 12 was expected to be sufficient to assess the initial safety of AAV1/SERCA2a in immunosuppressed animals. All animals were 15 to 20 weeks old and had negative AAV1 NAb titers (o 1:2) at baseline. The animal care and use protocol was reviewed and approved by the institutional animal care and use committee of Bio-Quant (San Diego, CA, USA) and/or attending veterinarian as necessary and all animal welfare concerns were addressed and documented. All procedures were in compliance with the Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals and the Office of Laboratory Animal Welfare. The day of dosing with AAV1/SERCA2a was designated day 0. Mycophenolate mofetil (CellCept tablet, Genentech, South San Francisco, CA, USA) was administered daily as an oral gavage at a dose of 250 mg per animal for at least 120 days, from at least day − 14 to day 105. Sirolimus (Rapamune tablet, Pfizer, New York, NY, USA) was administered daily as an oral gavage at a dose of 2 mg per animal for at least 120 days, from at least day − 14 to day 105. Methylprednisolone sodium succinate (Solu-Medrol, Pfizer, 1 ml) was administered as a daily intramuscular injection at a dose of 10 mg kg − 1 for 30 days (from day 0 to day 29), followed by 5 mg kg − 1 for an additional 76 days (from day 30 to day 105). Blood was drawn every 4 weeks for detection of AAV1 NAbs. Investigators were not blinded to treatment assignment.
Statistical analysis
Tests for differences by geographic region, demographics and time of year were done using χ 2 tests of association. A two-sided test for trend with increasing age was done using the CochranArmitage test. Analyses were done using SAS v9.4 (SAS Institute, Cary, NC, USA). The P-values of o0.05 were considered statistically significant.
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